Background: Stroke survivors may suffer from a range of hearing impairments that may restrict their participation in postacute rehabilitation programs. Hearing impairment may have a significant impact on listening, linguistic skills, and overall communication of the affected stroke patient. However, no studies sought to systematically characterize auditory function of stroke patients in detail, to establish the different types of hearing impairments in this cohort of patients. Such information would be clinically useful in understanding and addressing the hearing needs of stroke survivors.
Key Words: auditory processing, hearing impairment, rehabilitation, stroke Abbreviations: ABR 5 auditory-evoked brainstem response; AP 5 apperceptive processing; ART 5 acoustic reflex threshold; BSA 5 British Society of Audiology; CANS 5 central auditory nervous system; CAPD 5 central auditory processing disorder; GIN 5 gaps-in-noise; MoCA 5 Montreal Cognitive Assessment; MRI 5 magnetic resonance imaging; PP 5 Perceptual property processing; PTA 5 pure-tone audiometry; QSTAC 5 Queen Square Tests of Auditory Cognition; SD 5 standard deviation; SI 5 spectral inversion; SNHL 5 sensorineural hearing loss; SP 5 semantic processing; TEOAEs 5 transient-evoked otoacoustic emissions; TYMP 5 tympanogram; UCLH 5 University College London Hospital BACKGROUND T he majority of stroke survivors need rehabilitation (MacDonald et al, 2000) , requiring them to be adequately informed of the nature, prognosis, and proposed treatment of their illness. Hearing-impaired stroke survivors have an increased risk of physical decline [odds ratio: 1.83] after discharge to the community (Landi et al, 2006) . This may be attributed to restricted participation in postacute rehabilitation programs due to the hearing impairment (Landi et al, 2006) . In addition, it is well known that uncorrected hearing loss may lead to isolation, reduced social activity, and reduced quality of life for the hearing impaired and their families (Arlinger, 2003) . Stroke can affect all levels of the auditory system (from the inner ear to central tracts), and may result in various types of auditory dysfunctions, such as peripheral hearing loss (cochlea to auditory nerve), disordered auditory processing (brainstem to cortex), and cortical deafness. Some of these presentations such as cortical deafness are rare but quite dramatic and would not go undetected. Other presentations may be subtler and only be detected by detailed questioning of the patient and by precise psychoacoustic and electrophysiological testing; however, they may still have a significant impact on listening, linguistic skills, and overall communication of the affected patient (Häusler and Levine, 2000; Bamiou et al, 2012; Onoue et al, 2014) .
Sensorineural hearing loss (SNHL) is highly prevalent in stroke survivors (Formby et al, 1987; Edwards et al, 2006; O'Halloran et al, 2009 ). Such peripheraltype hearing loss may be due to the pathology of the inner ear (Lee, 2012) , the auditory nerve, or even the early part of the cochlear nuclei, that is, the part of the central auditory pathway before the crossing of the auditory fibers at the superior olivary complex brainstem level (Luxon, 1980) . Furthermore, stroke-related risk factors, such as cigarette smoking and atherosclerosis, which have been associated with a more insidious onset of hearing impairment with advancing age (Yamasoba et al, 2013) , may directly affect the peripheral hearing organs, or the stroke event itself may damage the auditory pathway up to and including the low brainstem (Lee, 2009 ) thus giving rise to the observed SNHL. Formby et al (1987) assessed hearing in stroke patients between 2 weeks and 1 mo postonset of stroke and reported hearing loss in 61.7% of these patients. Two subsequent longitudinal population-based Australian studies indicated that a past history of stroke increases the likelihood of having hearing loss. Kiely et al (2012) studied 3,526 adults aged $50 yr and found that a previous history of stroke predicted hearing thresholds, while Gopinath et al (2012) reported that the odds risk of reporting stroke was significantly higher for those with moderate-to-severe hearing loss. The observed association between hearing loss and stroke could be attributed to age-related changes of the inner ear or the auditory nerve (Jacquin et al, 2012) , as the risk of both hearing loss and cardiovascular accidents increases with age (Hung et al, 2011) .
Altogether, the findings from the aforementioned studies suggest that the prevalence of hearing impairment in stroke survivors could be higher than hearing impairment that would be expected in the general population. However, none of the few previous studies sought to systematically characterize auditory function of stroke patients in detail, to establish the different types of hearing impairments in this cohort of patients. It is well established that if the stroke involves the central auditory pathway in the brain, from the brainstem and beyond, patients may also suffer from auditory processing deficits that are not reflected by their pure-tone hearing thresholds (Bamiou et al, 2006; . While there are a few studies looking at the auditory processing of highly selected stroke cohorts (e.g., Bamiou et al, 2006; Rey et al, 2007; Bamiou et al, 2012) , to date no study has sought to establish the prevalence of auditory processing deficits in the broader stroke population, in the presence or absence of peripheral hearing impairment. Such information would be clinically useful in understanding and addressing the hearing needs of stroke survivors, so that appropriate management can be given to these patients to improve their quality of life.
The present study examined hearing in detail and characterized the different types of hearing impairment in stroke patients in a systematic observational case-control study with the ultimate aim to inform a better taxonomy of hearing impairment in stroke patients. (Musiek et al, 2005) , and the Queen Square Tests of Auditory Cognition (QSTAC) that consists of perceptual spectral property processing, apperceptive processing (AP), and semantic processing (SP) tests (Goll et al, 2010) , and compare to individuals without stroke. 2. To characterize the different types of hearing impairment (peripheral, i.e., cochlear and/or neural, and central, i.e., arising due to pathology beyond the nerve, or a combination of peripheral and central) in the stroke group to identify the prevalence of all types of hearing impairment in this cohort. 3. To examine the prevalence and correlates of different hearing impairments in stroke patients in comparison to those of age-matched controls. On the basis of previous research, it was expected that the type of hearing impairment would be different in the stroke group compared to individuals without stroke.
RESEARCH DESIGN Ethics Approval
The Ethics Committee of the National Hospital for Neurology and Neurosurgery (London) approved the Hearing Evaluation and Auditory Rehabilitation after Stroke study (project identification number 11/0469 and REC ref 11/LO/1675). We obtained written informed consent from all the participants.
Study Design
This case-control study incorporated a stroke group and a control group that were matched for age. All participants underwent a thorough audiological assessment performed in a single session. Test results were explained to the participants, and a report with test results and recommendations for further audiological management, to be taken up by the local services, was provided for every participant tested.
Inclusion and Exclusion Criteria
The inclusion criteria were (a) adults aged between 18 and 80 yr and (b) clinical history of a single stroke verified by magnetic resonance imaging (MRI) of the brain. Exclusion criteria were severe aphasia, cognitive impairment (as shown on the Montreal Cognitive Assessment [MoCA] ), significant psychiatric illnesses, other neurological disorders (except stroke), and severe concurrent medical illnesses.
Participants

Group 1: Stroke Patients
Sixty-five consecutive stroke patients (see the consort flowchart in Figure 1 ) who met the study inclusion criteria recruited from the National Hospital for Neurology and Neurosurgery stroke unit and hyper-acute stroke unit at University College London Hospital (UCLH). Of these 65, a final 50 stroke patients were recruited. The patients were tested at the Department of Neuro-otology, National Hospital for Neurology and Neurosurgery Queen Square, within 3-12 mo of postonset stroke, since at this stage of the stroke, auditory processing deficits if present are likely to become long term (Rey et al, 2007) .
Group 2: Control Participants
Forty control participants were recruited from the hospital staff, colleagues, hospital visitors, and friends. The inclusion criteria were adults aged between 18 and 80 yr, and no history of neurological disorders, stroke, psychiatric disease, or cognitive impairment as reported by the volunteers during the initial medical interview.
Assessment
Background Assessment
Cognitive Assessment. The MoCA (Nasreddine et al, 2005) includes sections on visuospatial/executive function (alternating trail-making, cube copy, clock drawing), naming (lion, rhinoceros, camel), attention (forward and backward digit span, tapping to the letter A, subtracting 7s from 100), language (sentence repetition, letter fluency), abstraction (similarities between train and bicycle, watch and ruler), memory (delayed verbal recall of five words), and orientation to time and place (six questions). A qualified neuropsychologist or a stroke specialist nurse (blind to the study) administered the MoCA in the acute stage. If a mild or greater cognitive impairment was detected the test was re-administered 3 mo after the stroke in the UCLH stroke follow-up clinic. The stroke research network team only referred those with no impairment or mild cognitive impairment, that is, MoCA ,25 (Pendlebury et al, 2012 ).
Brain Imaging Acquisition. All participants had a brain MRI performed on a 1.5 Tesla GE Signa scanner (General Electric, Milwaukee, WI) 48 h after the stroke. The acquisition techniques included diffusionweighted imaging and T1-weighted three-dimensional fast low-angle-shot images for volumetric and morphometric analyses. The scan acquisition parameters for the volumetric T1-weighted imaging were repetition time 5 15 msec; echo time 5 5.4 msec; flip angle 5 15; inversion time 5 650 msec. All scans were reviewed by a consultant stroke neurologist (D.W.) and a consultant neuroradiologist (H.C.) to identify and categorize stroke-related structural brain abnormalities.
Baseline Audiological Assessments
We collected information about the patients' hearing status. After otoscopy, wax was removed, if present in the patient's external ear canal, by syringing or microsuction. Patients were then tested in a sound-treated booth with the following test procedures.
PTA. PTA was carried out using a GSI 61 audiometer with TDH-39 headphones (Grason-Stadler, Guymark Uk Limited, West Midlands, UK). Air-conduction thresholds were measured for each ear at 0.25, 0.5, 1, 2, 4, 6, and 8 kHz following the procedure recommended by the British Society of Audiology [BSA] (2011) . Results were averaged in each ear across 0.5, 1, 2, 4, and 8 kHz frequencies for the ''PTA average'' and at 4, 6, and 8 kHz for the ''high-frequency average.'' Normal hearing thresholds were considered ,20 dB across the above frequency range (recommended by the BSA [2011] ). The degree of hearing loss was then classified as mild (20-40 dB HL), moderate (41-70 dB HL), severe (71-95 dB HL), and profound (.95 dB HL) (recommended by the BSA [2011] ). During otoscopy, tympanosclerosis was detected in three of the stroke patients (all had a history of ear infection), and TYMPs showed high compliance in at least one ear. However, we found no conductive hearing loss in any of the stroke patients with abnormal TYMPs. Only one of the healthy control participants had an abnormal TYMP (type c, negative pressure); this participant had a cold at the time of testing, but no conductive loss was found in the hearing test.
[Stapedial] Acoustic Reflex Thresholds. The acoustic reflex is the acoustically evoked contraction of the stapedius muscle. The ipsilateral and contralateral acoustic reflex thresholds (ARTs) were measured on the GSI 33 Middle Ear Analyzer at 0.5, 1, 2, and 4 kHz at levels ranging from 70 dB HL up to a maximum of 120 dB HL, in 5-dB steps, to assess middle-ear, cochlear, VIIIth nerve, lower brainstem functions. A consistent change in compliance of the middle ear $0.03 mL following stimulation is the criterion for the presence of the acoustic reflex. Acoustic reflexes were considered abnormal if they exceeded 105 dB nHL at $2 adjacent frequencies, or if the interaural threshold difference exceeded 10 dB on at least two adjacent frequencies (Cohen and Prasher, 1988) . The patterns interpreted as indicating a brainstem lesion were the ''vertical'' (abnormal ART by stimulation of one ear only), ''horizontal'' (ART abnormal by contralateral stimulation of both ears), ''inverted-L'' (combined vertical and horizontal) and ''full house'' (all ipsilateral and contralateral reflexes abnormal) (Cohen and Prasher, 1988) .
TEOAEs. TEOAEs analyze the function of the outer hair cells. Click stimuli are delivered through a probe in the ear canal. The inner ear responses to the click stimuli are recorded automatically. A dual channel analyzer was used. A linear click at 80 (63) dB SPL intensity, with 260 averages, was used for ipsilateral stimulation. The repetition rate is 50/sec and the poststimulus recording time is 20 msec. The fast Fourier transform spectrum analysis and average waveform calculations were performed automatically by the ILO v6 Otodynamic Analyzer (Otodynamic, Hatfield, UK) system. Normal response was considered the finding of overall TEOAEs amplitude .12 dB or amplitude of $6 dB in at least three adjacent frequency bands.
ABRs. ABRs are sensitive to brainstem auditory nuclei and tract function abnormalities and thus useful in evaluating undetected damage to the auditory system (Pillion et al, 2008; Jiang and Wilkinson, 2010 ) .
The ABR were recorded with the Nicolet Spirit 4-channel equipment (Nicolet, Madison, WI). Electrodes were placed on the forehead (A) and on each mastoid (A1 and A2); the A electrode was used as the ground. Monaural alternating click stimuli of 100 msec were presented at a rate of 11.1/sec via headphones. Electrode impedance was ,5 kV. The electrical activity was amplified and filtered (range: 100-3000 Hz). A total of 1,000 stimuli were given, with a mean window of 10 msec. A standard minimum intensity of 90 dB was used, provided that clear waveforms with waves I, III, and V were observed; 100 dB nHL was used in those with hearing loss. Analysis of ABR was restricted to waves I, III, and V. Waveform morphology, peak latency, and interwave latency and compared with normative departmental data. Peak I broadly corresponds to the distal portion of the VIIIth nerve, peak III to the superior olivary complex, and wave V to the termination of lateral lemniscus axons at the inferior colliculus (Møller, 1998) . Participants were categorized as normal if no deficits in either ear were detected or if absolute latencies were delayed with normal interwave intervals when an audiometric hearing loss was present (Musiek et al, 1996) , and abnormal otherwise. The ABR were recorded only in participants with up to moderate hearing loss (at 2 and 4 kHz frequencies).
Selection of Nonverbal Auditory Processing Assessments
Cognitive and language impairments are common after stroke (Tatemichi et al, 1994; Sinanović et al, 2011) , and the presence of such conditions may potentially affect the behavioral auditory processing test battery (Gates et al, 2010) . Auditory processing tests in general should include both nonverbal and verbal stimuli to examine different aspects of auditory processing (e.g., BSA, 2011) . However, performance on speech-based behavioral tests is heavily influenced by linguistic factors and cognition (Loo et al, 2013; Gates et al, 2010) . The present study thus opted to use a nonverbal auditory processing test battery that would place minimal demands upon language, working memory, and attention of the stroke patients. Temporal resolution is important to speech perception, and its assessment provides insight into the neural integrity of the central auditory nervous system (CANS) (Goŕdon-Salant and Fitzgibbons, 1993; Walton et al, 1997) . GIN is a test of temporal resolution that has a known high sensitivity and specificity to CANS (Musiek et al, 2005) . The GIN employs nonverbal stimuli and a nonverbal response mode. Goll et al (2010) proposed that the main processing stages of nonverbal auditory cognition could be conceptualized as the early perceptual, apperceptive, and semantic levels and developed the QSTAC auditory processing battery.
The QSTAC is composed of individual sound categorization and sequential comparison tasks that were specifically designed to minimize cognitive and linguistic demands on the patient. This battery has been used in patients with cognitive disorders (Goll et al, 2010) . This test battery probes spectral property processing, AP that refers to the perceptual representation of whole ''auditory objects'' (Nelken and Bar-Yosef, 2008) , and semantic auditory processing that refers to the association of stored knowledge (i.e., semantic memory) with the perceptual (apperceptive) object representations (Goll et al, 2010) .
GIN. GIN provides an estimate of threshold (shortest gap identified), a total percentage correct responses score, and an estimate of attention levels (% accuracy at different gap duration levels) (Musiek et al, 2005) . The GIN test compact disc was played on a Sony CD player (Sony Corporation, Tokyo, Japan) and passed through the GSI 61 diagnostic audiometer. After calibration, the stimuli were presented at 50 dB sensation level in reference to 1 kHz threshold to each ear independently (Musiek et al, 2005) . The GIN is composed of a series of 6-sec segments of broadband noise containing 0-3 silent intervals or gaps per noise segment. The interstimulus interval between successive noise tokens (segments) is 5 sec, and the gap durations presented are 2, 3, 4, 5, 6, 8, 10, 12, 15 , and 20 msec. Five practice items preceded the administration of the test items (Musiek et al, 2005) .
PP. Perceptual property processing (PP) involves the cortical analysis of perceptual spectral properties, which contribute to, but are unlikely in isolation to constitute, whole auditory object representations. The patient has to make a judgment of same or different for each of 32 same (16) or different (16) spectral shape sounds pairs (Goll et al, 2010) .
AP. The key experimental manipulation here is spectral inversion (SI), which flips or exchanges the energy present between higher and lower frequencies in a broadband sound about a user-specified frequency value to create a frequency structure that is ''impossible'' in a natural sound (Goll et al, 2010) . For this test, 40 sounds (20 non-SI and 20 SI sounds) are presented individually, and for each sound, the participant was asked ''Is it a real thing or not a real thing?'' SP. Assessments were designed to examine the association of conceptual meaning with environmental sound objects (Goll et al, 2010) . Thirty-two individual sounds from a range of human, animal, and environmental sounds are paired so that the individual sounds in a pair have dissimilar acoustic characteristics to reduce the availability of perceptual matching cues. All 32 sounds appear once in the ''same'' condition (sounds produced by the same source, e.g., horse neighing, horse galloping) and once in the ''different'' condition (sounds produced by different sources, e.g., horse neighing, human coughing).
Patient Grouping
Age Groups. Defining a ''significant'' level of hearing impairment as $25 dB HL averaged over the frequencies 0.5, 1, 2, and 4 kHz, 16% of the adult population (17-80 yr of age) have a bilateral, and about one in four a unilateral or bilateral, hearing impairment (Davis, 1989) . The increase in prevalence of hearing loss is particularly steep after the age of $61 yr. Sixty percent of adults age 61-80 yr in England have hearing impairment of $25 dB HL, while the prevalence of hearing impairment in adults, age 18-60 yr, is only 10% (Davis, 1989) . Thus, to minimize the confounding factor of age, we divided the patients into two groups: younger (18-to 60-yr old) and older (61-to 80-yr old).
Audiological Assessment Outcomes. For the purpose of this study, according to the outcomes of the audiological assessment, each patient was placed into one of four groups (ASHA, 2015): (a) normal (b) peripheral hearing loss (cochlea to auditory nerve), (c) central auditory processing disorder (CAPD; brainstem to cortex and beyond) (BSA, 2011; ASHA, 2015) , and (d) combination (peripheral hearing loss and CAPD). Below we describe the definition and diagnostic criteria for each category.
Definition of Peripheral Hearing Impairment and Diagnostic Criteria. Threshold assessment was made at 250, 500, 1000, 2000, 4000, 6000, and 8000 Hz, and a pure-tone average was calculated. The severity of hearing loss was determined using the BSA audiometric descriptors (BSA, 2011) . Also, high-frequency hearing loss was defined as the air-conduction average of frequencies 4, 6, and 8 kHz exceeding 20 dB HL. Mild hearing loss was defined as PTA $20 dB HL and #40 dB HL, moderate (41-70 dB HL), severe (71-95 dB HL), and profound (.95 dB HL).
The peripheral hearing loss (attributed to pathology in the middle ear, cochlear, and/or the distal portion of auditory nerve) was defined as (a) ''cochlear type'' hearing loss: abnormal PTA average, reduced or absent TEOAEs, present and normal acoustic reflexes, and normal ABR or normal interwave interval ABR (Musiek et al, 1996) ; (b) ''neural type'' hearing loss, that is, consistent with VIIIth nerve damage (Starr et al, 1996) : normal or raised PTA average, normal TEOAEs, or delayed I-III or I-V interwave interval or absent wave I (showing the damage to the distal portion of auditory nerve) (Musiek et al, 1996) and/or abnormal ART with inverted or vertical pattern (Cohen and Prasher, 1988) .
Definition of CAPD and Diagnostic Criteria. According to the technical report of the ASHA Working Group (2005), deficits in the perceptual processing of auditory information in the central nervous system and the neurobiological activity that underlies that processing and gives rise to electrophysiological auditory potentials constitute a CAPD. This was the definition adopted by this study.
A CAPD diagnosis was based on the presence of at least two CANS test abnormalities, that is, ABR, ART and GIN, QSTAC (spectral property and apperceptive tests) in at least one ear, with $1 test abnormality being in a behavioral AP test and with the following additional considerations:
1. The electrophysiological test abnormality was not attributable to the presence of hearing loss (see ABR and ART criteria). 2. A SP abnormality (QSTAC) when found in isolation was not accepted as evidence of disordered auditory processing.
Definition of Combination Hearing Impairment (Peripheral Hearing Loss and CAPD) Diagnostic Criteria. For the purpose of this study, if central auditory processing deficits and/or an isolated brainstem type ABR and ART test abnormality was detected in the presence of peripheral hearing loss, we defined the pattern as a combination (peripheral and central) type auditory impairment.
Data Analysis
Data were initially analyzed using the Statistical Package for the Social Science (IBM SPSS Statistics for Windows, Version 22.0; IBM Corp., Armonk, NY) for descriptive analysis. t tests or the Kruskal-Wallis rank-sum test (for nonnormally distributed data) were used to examine the differences between the stroke and control groups in continuous variables. Univariate analyses using nonparametric x 2 tests were carried out to examine whether there is any association between the results of a particular hearing test and the stroke status of the participants (with and without age group classification). Prior to conducting the x 2 analysis, the assumption of adequate cell size was assessed, which requires all cells to have expected values .0 and 80% of cells to have expected values of $5. If the assumptions were not met, a Fisher's exact test was used. Logistic regression models were fitted to the binary hearing test results to examine the effects of age (as a dichotomous variable) and stroke status on the outcome of the test. The null hypothesis that there was no significant difference in distribution across the two groups was rejected when the level of significance of p , 0.05 was reached.
Multinomial logistic regression models were fitted to the data with the categorical variable ''type of hearing'' as the dependent variable. Type of hearing could be ''CAPD,'' ''Normal,'' ''Peripheral,'' or both ''Peripheral and CAPD.'' Group (stroke/control) and age (either as dichotomous or continuous) were the included explanatory variables.
RESULTS
T
he total number of participants in our study from 2012 to 2015 was 90 (50 stroke and 40 controls). Three patients were unable to complete the CAPD test battery due to a hearing loss greater than a moderate degree, and five had cognitive impairment. These patients were excluded, and a final 42 of 50 were selected to determine the difference in abnormality distribution in different audiological tests and the prevalence of different types of hearing impairment in the stroke cohort.
In the final 42 selected stroke patients with complete audiological testing, the age ranged from 23 to 80 yr, with an average of 58.19 yr (standard deviation [SD] 5 15.06). The most frequently observed category of the age group was the older group (n 5 22, 54%), with a mean age of 70 (SD 5 5.4), and the average age of the younger group was 45.4 (SD 5 10.6). The most frequently observed category of sex in the stroke group was male, (n 5 33, 78%). The demographic data on these patients are presented in Table 1 . The age of the control group ranged from 22 to 80 yr, with an average of 53.08 yr (SD 5 15.33). The most frequently observed category of sex in the control group was female (n 5 26, 65%). Age was not normally distributed in both the stroke and control groups. A Kruskal-Wallis rank-sum test was conducted to examine whether there was a significant difference between the age of the stroke patients and controls. The results of the Kruskal-Wallis rank-sum test were not significant, x 2 (1) 5 511.5, p 5 0.172. This indicates that the age differences between stroke patients and controls are explainable by random variation. The results of the Kruskal-Wallis test also did not show a significant difference between the age of the younger stroke and control groups, x 2 (1) 5 0.34, p 5 0.560, as well as the older stroke and control groups, x 2 (1) 5 0.37, p 5 0.545.
PTA, ART, TEOAEs, ABR, and CAPD
Figure 2 provides the mean hearing thresholds across frequency categories in the stroke group versus control. Overall mean thresholds for the stroke group were more elevated compared to normal control, but there was no statistically significant difference between the control and stroke groups.
The difference in abnormality distribution (normal, abnormal) in different audiological tests in stroke versus the control group was analyzed using nonparametric tests. Table 2 shows the distribution of individuals with and without impairment in both the stroke and control groups.
To eliminate the confounding factor of age, we also divided the age into two subgroups: age group 1 (18-60 yr) and age group 2 (61-80 yr).
Summary of Auditory Impairment Diagnosis
The type of hearing impairment was determined using the criteria described in the methodology section.
A summary of the hearing impairment diagnosis in the stroke group is shown in Table 3 .
Types of Hearing Impairment
The most common type of hearing loss in stroke patients was the combination (''peripheral hearing loss and CAPD'') in the 61-to 80-yr-old subgroup, and ''CAPD'' in the 18-to 60-yr-olds. Table 4 summarizes the types of hearing impairment in stroke and controls in both age subgroups. Regardless of type, the percentage of hearing impairment was significantly higher in the 18-to 60-yr-old stroke group than in the controls.
Types of hearing impairment as a function of age group and the side of stroke are shown in Figures 3  and 4 , respectively.
A multinomial logistic regression is appropriate when the outcome is a polytomous variable. Thus, this model was fitted to the data to model the effect of study group and age group on the probabilities of being ''Normal,'' ''CAPD,'' ''Peripheral,'' or ''Peripheral and CAPD.'' The response (dependent variable) is the type of hearing, which takes the values ''Normal,'' ''CAPD,'' ''Peripheral,'' and ''Peripheral and CAPD.'' There are two study groups: stroke patients and controls. The participants are classified into two age groups: younger group (,61 yr old) and older group ($61 yr old). Study group and age group are dichotomous variables.
Two models were calculated where ''Normal'' or ''Peripheral'' type of hearing were the reference categories for the outcome, while the control group and younger age group (,61 yr old) are the reference categories for the independent variables. The overall models were significant (x 2 (6) 5 64.46, p , 0.001), suggesting that the study group and age group had a significant effect on the odds of observing at least one response category of type of hearing relative to normal or peripheral hearing.
Stroke is associated with an increase in the relative probability of having ''CAPD,'' and ''Peripheral and CAPD'' (combination) over ''Peripheral'' hearing impairment. Older stroke patients were more likely to have the combination hearing impairment rather than peripheral hearing loss when compared to the control group and the probability of having a ''CAPD'' impairment is on average 22% higher for stroke patients than for healthy controls in the same age group. The probability of having ''Peripheral and CAPD'' hearing impairment is on average 21% higher for older participants than for younger participants in the stroke group (see Supplemental Appendix S1, supplemental to the online version of this article, for both coefficient and relative risk estimates).
DISCUSSION Audiometric Characteristics in Stroke Patients
To our knowledge, this is the first study to examine types of hearing impairment, using detailed audiological assessments, in stroke patients. Although overall mean thresholds (PTA average and high-frequency average) for the stroke group were more elevated compared to healthy controls, there was no statistically significant difference between the control and stroke groups in the overall group and when divided into two age subgroups (18-to 60-and 61-to 80-yr-olds). In all frequencies, there was no significant difference in pure-tone thresholds between the age subgroup of participants in the stroke patients and controls. We found that 67% of our older group had a pure-tone average of .25 dB HL, very similar to the results of Formby et al's study (1987) . The proportion of our stroke samples with a hearing loss .25 dB HL was also very similar to that in Davis's UK population study (1989) , which found that 61.5% of 61-to 80-yr-olds had a hearing loss of $25 dB (mean PTA thresholds). These initial results suggest that the abnormality rate in PTA average in the UK stroke units is similar and comparable to that found among elderly persons in nursing homes (Schow and Nerbonne, 1980) , and stroke units in Australia (O'Halloran et al, 2009 ) and the United States (Formby et al, 1987) .
Auditory brainstem lesions often damage one or both of the crossed reflex pathways (Jerger and Jerger, 1974) , and auditory impairment due to brainstem stroke is well documented in the literature (Jerger and Jerger, 1974; Luxon, 1980; Musiek and Pinheiro, 1987; Aharonson et al, 1998; Lee et al, 2002) . Abnormal ART is reported in lesions of the auditory nerve, cochlear nuclei, and superior olivary complex (Häusler and Levine, 2000; Lee et al, 2002) . Only two stroke patients with abnormal ART (patient numbers 17 and 26) had abnormalities on the brainstem auditory pathways (ART patterns were consistent with intra-axial brainstem pathologies). Overall, the percentage of pathological acoustic reflexes in our cohort were not significantly exceeded by that of the agematched control participants. The origin of hearing loss was further investigated by recording TEOAEs. There was no statistically significant difference between the TEOAE results of stroke patients and the age-matched controls in both older and younger groups.
Hearing abnormalities in isolated stroke lesions of the auditory brainstem are well documented in the literature (Johnson, 1977; Starr et al, 1996; Häusler and Levine, 2000; Lee et al, 2002; Lee and Yi, 2008; Pennings et al, 2011) and abnormal ABR have been found in lesions affecting the VIIIth nerve, medulla (cochlear nuclei), pons (superior olivary complex, trapezoid body, lateral lemniscus), and midbrain (inferior colliculus). Sinanović et al (2008) analyzed ABR abnormalities in patients with brainstem stroke and reported that 83% of their patients had abnormal ABR. In the present study, we found that 8 (19%) of all our patients had abnormal ABR latencies as compared to 2% of the control participants. Four of these patients with abnormal ABR had a brainstem stroke. Out of a total of 5 brainstem stroke patients in our sample, that is, 80% of the brainstem stroke patients, had abnormal ABR, similar to findings of Sinanović et al (2008) . The remaining brainstem stroke patient with normal ABR had an upper brainstem stroke lesion in the ventral lateral medulla, which would not be expected to affect the ABR. Four patients with abnormal ABR had cortical lesions, the abnormality in ABR possibly reflecting the effects of microvascular ischemia (Mills and Ryals, 1985) . The difference in normal versus abnormal ABR in stroke patients versus controls was significant; however, there was no statistically significant difference when the older and younger stroke groups were compared to the same groups in control participants.
There was a statistically significant difference between the GIN results of stroke patients and the agematched controls in both the older and younger groups. We found that 74% of our cohort had abnormal unilateral or bilateral GIN. The MRI showed abnormalities in the central auditory pathways in 48% of these but in the remaining 26% nonauditory areas were affected, while two of these had severe small vessel disease. A GIN abnormality could be attributable to specific isolated brain lesions or small vessel disease, or simply could be the result of advancing age (Bamiou et al, 2000; John et al, 2012) . Strouse et al (1998) found that there are age-related differences in temporal processing. Older listeners, without SNHL, were found to have higher gap detection thresholds, which would appear to be an indication of an aging effect in the central auditory systems. A recent study by John et al (2012) provides evidence of significant deleterious effects of advancing age on GIN test performance. Since our study is a cross-sectional study, and we included patients with up to a moderate hearing loss, it is not possible to identify precisely the cause of abnormality on the GIN test performance.
We also found a statistically significant difference between the QSTAC results of stroke patients and the age-matched controls in both the older and younger groups. Results of the nonverbal psychoacoustic battery in the context of their brain lesion will be discussed in a separate article.
Types of Hearing Impairment and Disordered Auditory Processing in Stroke Patients
Aging is accompanied by a decline in hearing sensitivity due to sensory changes in the ear. Other changes in the CANS may contribute to the difficulty for older adults in understanding speech in background noise. Pathological conditions such as stroke can further compromise auditory function. There are many factors that should be considered for the management of stroke patients with peripheral and central auditory dysfunction. Thus, it is essential to differentiate peripheral and central deficits for the evaluation and rehabilitation of stroke patients. Furthermore, auditory processing disorders and perceptual deficits in stroke patients are less well studied and possibly underdocumented (Polster and Rose, 1998) . Patients will not necessarily report such deficits, in their less severe forms, unless they are explicitly questioned (Blaettner et al, 1989; Bamiou et al, 2012) . Thus, the prevalence of auditory processing deficits among the wider stroke population is not established. To our knowledge, this is the first study to investigate the prevalence of nonverbal auditory processing deficits in the stroke population, on the basis of a nonverbal auditory psychoacoustic battery (GIN, PP, AP, SP), an electrophysiological test that is sensitive to temporal processing, brainstem abnormalities (ABR), and an electroacoustic test that is sensitive to low brainstem lesions (ART), and to investigate the type of hearing loss in the stroke population. Although the proportion of people with peripheral hearing loss did not significantly differ from the healthy control group, our results indicate that the most common type of hearing impairment in our stroke patients was the combination of peripheral and central hearing Figure 3 . Types of hearing impairment as a function of age group. The numbers above the bars signify the number of patients in either category with the respective condition.
impairment in the 61-to 80-yr-old subgroup (55%), and disordered auditory processing in 18-to 60-yr-olds (40%), which were both significantly higher than controls. This is of particular significance as none of the younger group with AP deficits were referred for audiological assessments after the onset of stroke. They did not complain of any ''hearing problems,'' which were only identified with the hearing questionnaires that were particularly looking into difficulty hearing speech in background noise and localizing sounds (the results of hearing questionnaires in this patient group will be discussed in a separate article). Temporal processing and PP are important to speech perception (Goŕdon-Salant and Fitzgibbons, 1993; Walton et al, 1997) , in keeping with a high number of self-reported hearing symptoms of the stroke patients on the Amsterdam Inventory for Auditory Disability questionnaire (Bamiou et al, 2012) . Identification of GIN or other central-type deficits in stroke patients would thus require appropriate management to help stroke survivors to cope with the challenges they face during and after the recovery period, and to help them to participate as fully as possible in intellectual, social, and family activities.
Implications for Practice
Our study demonstrates that a hearing impairment of some type was present in the majority of stroke patients (86%), none of whom had been previously referred for a hearing assessment. This would suggest that hearing impairment remains a ''hidden'' disability in this population, which may be overlooked by neurologists and other health-care professionals. The current National Institute for Health and Care Excellence guidelines (2013) on stroke rehabilitation provide advice on cognitive functions, sensory functions (vision), digestive system function, movement-related functions, communication (speech), mobility, and domestic life. Strategies for identification and management of auditory dysfunction, however, receive significantly less attention, with auditory rehabilitation poststroke arguably being the ''lost dimension'' of stroke rehabilitation. Our study findings would suggest that current guidance would benefit from the addition of a hearing assessment, or increasing awareness of possible hearing impairment in stroke patients as such impairment may affect the patients' poststroke physical outcome and may impact on patient communication in everyday life in the chronic stage of stroke (Bamiou et al, 2012) . Conventional hearing aids may be a suitable option for those with peripheral hearing loss, while counseling, directional microphone hearing aids with built-in loop, and educating the patients and caregivers may be an appropriate rehabilitation plan to meet the need of older stroke patients with mixed peripheral and central hearing loss.
Hearing loss is associated with cognitive decline and dementia in older adults , and the presence of peripheral hearing loss may lead to an unjustified diagnosis of cognitive impairment (Jorgensen, 2012) . There is evidence to suggest that evaluation of peripheral and central auditory function may be important in cases of suspected dementia or other cognitive disorders in older adults (e.g., Gates et al, 1996; Jorgensen, 2012) . Because the presence of sensory or perceptual deficit can result in ''upstream'' effects on memory and related cognitive abilities due to insufficient processing resources (Pichora-Fuller et al, 1995; McCoy et al, 2005) , it is critical that audiologists are a part of the multidisciplinary team together with neuro-psychologists, speech therapists, neurologists, and other professionals in the evaluation of stroke patients, in an effort to disentangle the relative effects of peripheral and central auditory dysfunction from higher-level cognitive, language, and other deficits.
Finally, the level of background noise in acute/ rehabilitation stroke units is worth noting. Difficulty hearing speech in noise is a common disability experienced by stroke patients with hearing impairment (Bamiou et al, 2012) , and therefore it would seem imperative to minimize the level of background noise in hospitals and rehabilitation units in which many patients have hearing impairment.
Limitations and Future Research
This was a cross-sectional study, and it is challenging to identify precisely the cause of hearing impairment in this population. We used TEOAEs rather than distortion product otoacoustic emissions, and it is possible subtle cochlear deficits may have been missed. Also, this study has the limitations of small numbers in the older group of controls, exclusion of patients with more than one stroke, those with a greater than moderate hearing loss, and those aged .80 yr, and not retesting the changes in hearing thresholds and auditory processing deficits after 12 mo. Taking these caveats into account, the evidence presented here should motivate future work in larger patient and control cohorts and the retesting of the patients after 12 mo to monitor any auditory changes. Furthermore, the difference in the hearing thresholds might have reached statistical significance with a larger sample size. Finally, structural and functional neuroimaging will be required to be performed $24 h before the audiological assessments to correlate AP deficits with patterns of network-specific infarction in stroke patients.
Offering a comprehensive audiological assessment to all stroke patients would be a costly and time-consuming process. Therefore, a preliminary screening program for such patients needs to be identified, for example, by means of a questionnaire, so that the full audiological assessment could be reserved for those who fail the initial hearing screening.
CONCLUSION
G iven the importance of hearing for the efficiency of communication, and to prevent cognitive decline and social isolation, we conclude that audiological evaluation in the stroke population is indispensable as part of the rehabilitation of this population. It is essential to identify hearing loss and differentiate peripheral and central deficits for the evaluation and rehabilitation of stroke patients so that an effective intervention for this population can be reached.
Multinomial regression
Multinomial response regression-looking at the conditional distribution of the type of hearing given age (dichotomous; <= 60/ >=61, continuous) and health status (stroke patient/ healthy control). Need to estimate a set of coefficients b^1,b^2,b^3,b^4 corresponding to each response outcome. 
